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ABSTRACT
In this study, N-phenylortho-phenylenediamine and N-phenyl ethylenediamine were utilized as amines, and two novel ligands, 
benzimidazole (LI) and Schiff base (LII), were synthesized through condensation reactions with 3-methoxy-4-benzyloxybenza
ldehyde. Furthermore, using these same amines, LIII (benzimidazole) with 3-phenoxybenzaldehyde and LIV (Schiff base) with 
4-benzyloxybenzaldehyde were synthesized in accordance with the literature. Then, Pt (II) complexes (Ia, Ib, II, III, and IV) 
were prepared with these ligands, and it was determined that Ia and Ib are geometric isomers. The ligands and complexes were 
characterized using 1H-NMR, 13C-NMR, FT-IR, and elemental analysis methods. The cytotoxic effects of these complexes were 
evaluated on SH-SY5Y neuronal cells. Low-toxicity complexes Ia, II, and IV were then tested for their ability to inhibit amyloid 
beta (Aβ1–42) aggregation. Thioflavin T fluorescence analysis, AFM imaging, and MALDI-TOF mass spectrometry demonstrated 
that these complexes, particularly at a 1:1 complex-to-amyloid molar ratio, effectively inhibited Aβ aggregation. These findings 
suggest that Pt (II) complexes containing Schiff base and benzimidazole ligands may be effective against Alzheimer's disease by 
alleviating Aβ toxicity.

1   |   Introduction

Neurodegenerative diseases (NDs) are chronic and progressive 
disorders. One of these diseases, Alzheimer's disease (AD), which 
causes damage and memory loss by the accumulation of protein 
aggregates in certain areas of the brain [1, 2], leads to cognitive 
decline, behavioral disturbances, and loss of abilities. As a result, 
AD is a long-term neurodegenerative disorder that negatively af-
fects patients' ability to function socially [3, 4]. Although there 
are multiple factors that cause AD, the most prominent factor 
is the accumulation of amyloid (specifically Aβ1–42). This accu-
mulation leads to the formation of senile plaques with the for-
mation of oligomers, protofibrils, and fibrils, ultimately causing 

the aforementioned behavioral disorders [5, 6]. It is known that 
some prodrugs (ligands) used to alleviate the symptoms of AD 
contain some pharmacophore groups containing nitrogen atoms 
[7, 8]. The main aim in these applications has been to prevent the 
binding of ions such as Cu, Zn, and Al, which contribute to the 
cumulative accumulation of Aβ1–42. However, consideration of 
metal complexes that may bind instead of ions such as Cu, Zn, Al 
has led to the formation of a hypothesis called the metal ion hy-
pothesis, and studies using some metal complexes have emerged 
[9–11].

With the discovery of cisplatinum by Rosenberg in 1965 and 
its use in the treatment of cytotoxic tumors and the increasing 
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importance of Pt (II) complexes, researchers turned to the syn-
thesis of Pt complexes in studies investigating the effects of new 
prodrugs. Analogous platinum (II) coordination compounds 
have been synthesized to investigate their effects in AD, and 
the ligands used in these complexes are generally ligands con-
taining N-donor atoms [12–17]. The studies by one group of 
researchers of complexes that can prevent Aβ aggregation by 
binding to histidine residues (His6, His13, and His14) near the 
N-terminal region of the Aβ peptide are seminal studies in this 
area. The researchers synthesized Pt complexes containing ni-
trogen donors such as 1,10-phenanthroline and bypyridine and 
investigated their potential ability to inhibit Aβ aggregation. 
They predicted that the synthesized metal complexes would 
modulate Aβ aggregation and toxicity resulting from binding 
to the histidine residues of amyloid by separating the unstable 
Cl groups [18–22]. Although such an interaction has been fre-
quently reported in the literature for transition metal complexes, 
another mechanism of interaction with amyloid is the hydroly-
sis/solvolysis mechanism [23]. In this mechanism, metal com-
plexes act as peptide chain breakers [24–26]. In this mechanism, 
amyloid is cleaved at specific sites and the complex binds to the 
cleaved amyloid sequences [27, 28].

Two classes of nitrogen donor ligand that have gained sig-
nificant renown are Schiff bases and imidazole/benzimidaz-
ole ligands. The synthesis of these ligands is accomplished 
through the condensation reactions of aldehydes and amines. 
It is noteworthy that Schiff bases, imidazole/benzimidazole 
ligands, and their metal complexes exhibit a diverse array 
of biological activities. These compounds have found wide-
spread application in a variety of biological fields, including 
anticancer, anti-inflammatory, antifungal, antagonist, antiox-
idant, antimicrobial, antihelminthic, and antiulcer activities 
[2, 3, 12, 29–50]. However, to date, the research community 
has conducted only a limited number of studies on platinum 
complexes containing Schiff base and imidazole/benzimidaz-
ole ligands at the same time on AD [51–59].

The objective of this study was to compare the effects of Schiff 
base/benzimidazole-platinum complexes on AD. To the best 
of the knowledge of the authors, no literature data have been 
published that makes such a comparison. The synthesis of 
Schiff bases and benzimidazoles was accomplished through 
the utilization of two distinct amines and a singular aldehyde. 
For this purpose, the synthesis of one benzimidazole (LI) and 
one Schiff base (LII) ligand was carried out. These ligands 
were synthesized as a result of the condensation reactions 
of the same aldehyde and two different amines. The synthe-
sis of Pt (II) complexes (Ia, Ib, and II) was then undertaken, 
with Ia and Ib complexes determined to be geometric isomers 
of each other. The structures of the synthesized ligands and 
complexes were elucidated by 1H-NMR, 13C-NMR, FT-IR, 
and elemental analysis. The L III and L IV ligands included 
in this study and the Pt complexes III and IV of these ligands 
were synthesized by our group and their structures were pre-
viously reported [57, 58]. The aim of the present study was to 
determine the cytotoxicities of the complexes and complexes 
III (formed with benzimidazole ligand [LIII]) and IV (formed 
with L IV ligand), which were previously synthesized by 

our group, on SH-SY5Y neuronal cells. The results obtained 
showed that the complexes Ib and III exhibited high toxicity. 
Consequently, the inhibitory properties of complexes Ia, II, 
and IV on the toxicity of amyloid beta were examined using a 
variety of methods.

2   |   Experimental

2.1   |   Chemicals

Reagents 4-benzyloxybenzaldehyde, 3-Methoxy-4-Benzyloxy​
benzaldehyde, N-phenylethylenediamine, 3-phenoxybe​nzalde-
hyde, Na2S2O5, CH3OH, CH3Cl, (C2H5)2O, C3H7NO, CH2Cl2, 
C2H3N, C3H6O were purchaced from Sıgma and Merck com-
pany. Pt (DMSO)2Cl2, used as starting complex, was synthesized 
according to literature data [60].

2.2   |   Instrumentation

2.2.1   |   Structural Analysis

The infrared spectra of ligands and complexes were recorded 
using a Perkin Elmer Spectrum 100 Fourier transform infrared 
(FT-IR) spectrophotometer in the range of 400–4000 and 200–
4000 cm−1, respectively. 1H- and 13C-NMR spectra were obtained 
using a Varian AS 400 MHz spectrometer. CDCl3, DMSO-d6, 
and D2O were used as the solvents, and tetramethylsilane was 
used as the internal standard. Lipophilicity measurements 
were conducted using a Perkin Elmer Lambda 35 ultraviolet–
visible (UV–Vis) spectrophotometer. ThT measurements were 
performed using a Thermo Fisher Scientific Varioskan Flash 
microplate reader (temperature = 37°C) with the excitation and 
emission wavelengths of 480 and 484 nm, respectively. For AFM 
measurements, the device was used with Bruker Dimension 
Edge ScanAsyst at Ege University MATAL center. MALDI–TOF 
analyses were performed using a Bruker Daltonics MALDI–
TOF–Autoflex III smart beam MALDI–TOF/TOF MS device.

2.2.2   |   X-Ray Structure Determination

A pale yellow, single crystal of compound complex III was 
obtained by a slow diffussion of a 1:3 dichloromethane/hex-
ane system at room temperature. Intensity data for complex 2 
were collected on a Bruker APEX-II CCD diffractometer using 
graphite-monochromated Mo K α radiation (λ = 0.71073 Å) 
at 110 K. The structure was solved by direct methods using 
SHELXS-2013 [61] and refined by full-matrix least-squares 
methods on F 2 using SHELXL-2013 [62]. The following pro-
cedures were implemented in our analysis: data collection: 
Bruker APEX2 [63] a program used for molecular graphics 
were as follows: MERCURY programs [64]; software used 
to prepare material for publication:WinGX [65]. Atomic co-
ordinates, bond lengths, and angles were deposited in the 
Cambridge Crystallographic Data Center, 12 Union Road, 
Cambridge CB2 1EZ, UK Crystal data, and the structure re-
finement details of complex III (CCDC number is 2027758) 
are given in Table 1.
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2.3   |   Biological Assessment

2.3.1   |   Preparation of Monomeric Aβ (1–42) 
and Complexes Stock Solutions

Commercially purchased Aβ (1–42) first interacted with HFIP, re-
solved, and published in accordance with the literature. Again, 

the literature was used to determine the concentration accord-
ing to itseffects [66]. Then, solutions were prepared so that the 
DMSO/H2O and DMSO ratio did not exceed 1%. Due to the low 
water solubility of the complexes, the complexes for the prepared 
stock solution were dissolved in 2:1 DMSO/H2O medium and 
diluted to the targeted concentrations with phenol-free DMEM 
(Dulbecco's Modified Eagle Medium).

TABLE 1    |    Crystallographic data for complex III.

Parameter Value

Molecular formula C27H24Cl2N2O2PtS

Molecular weight (Mr) 706.53 g/mol

Crystal system Triclinic (P1)

Z (formula units) 2

Unit cell volume (V) 1318.5 (11) Å3

Density (Dx) 1.780 Mg/m3

Wavelength (λ) 0.71073 Å

Data collection instrument Bruker APEX-II CCD diffractometer

Radiation Mo Kα (λ = 0.71073 Å)

θ Max 28.7°

θ Min 2.8°

θ Range 2.8°–28.0°

Total reflections 31,584

Independent reflections 6622

Reflections with I > 2σ(I) 5014

Absorption correction Multiscan

Rint 0.083

Crystal dimensions 0.15 × 0.11 × 0.10 mm

Temperature (T) 110 K

Hydrogen site location Inferred from neighboring sites, H atoms constrained

Refinement method Least squares refinement on F2

R (F2 > 2σ(F2)) 0.052

wR (F2) 0.117

S (goodness of fit) 1.06

Number of parameters 318

Restraints None

Maximum electron density (ρmax) 1.18 e/Å3

Minimum electron density (ρmin) −1.97 e/Å3

(Δ/σ)max 0.001

Absorption coefficient (μ) 5.63 mm−1

θmax 28.7°

θmin 2.8°
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2.3.2   |   Cell Culture Studies

Human neuroblastoma cancer cell (SH-SY5Y) was used in cell 
culture studies. After removing the frozen cell from −80°C 
in the cryotube, then it was quickly thawed in a water bath 
and transferred to a flask, andflask, and filled with DMEM 
medium. Phenol-red-free DMEM was selected as the medium 
used to determine the cytotoxicity levels of the cells, and all 
procedures were carried out under sterile conditions. The 
DMEM medium was prepared with 1% penicillin/streptomy-
cin, 1% L-Glutamine, 1% nonessential amino acid, and 1% 
Sodium-pyruvate added to the bottlebottle, and it was com-
pleted to 500 mL. For an optimal environment for cell growth, 
the cells were kept in an incubator at 37°C, containing 95% 
humidity and 5% CO2 conditions.

2.3.3   |   Cytotoxicity Studies

In 96-well plates, 1 × 105 SH-SY5Y cells (for 72 h) were seeded 
in each well. To determine the cytotoxicity of the complexes 
alone, master stock solutions of the complexes were diluted with 
DMEM to the obtained concentrations and added to the wells at 
(0.1; 0.5; 1; 10; 50; 100) μM concentrations. After 72 h of cell cul-
tivation, the medium was removed from the cells and the wells 
were washed two times with 1× PBS. At the end of the relevant 
time, the medium was removed from the cells; 100 μL of 0.5 mg/
mL MTT was added to each well and incubated at 37°C for 3 h. 
After the incubation was completed, the medium with MTT was 
removed from each well and 150 μL of DMSO was added to dis-
solve the MTT crystals in the cell. The absorbance of the wells 
was measured at 570 nm with a microplate reader (Thermo 
Scientific, Varioskan Flash). The percent viability of the control 
group (untreated group) was considered 100%, and the absorp-
tion value of each well was calculated as a percentage relative 
to the control group, and the experiments were repeated three 
times. As a result of this study, the inhibitory effect of the com-
plexes on the toxicity of Aβ1–42 in neuronal cell culture was de-
termined by MTT measurement. Neuronal cells were incubated 
with Aβ1–42 for 72 h (Interaction with HFIP may give erroneous 
results for the first 24 h) [67] with a final concentration of 10 μM 
in the presence of complexes at concentrations of 10 and 5 μM, 
respectively. After removing the medium from the installation, 
0.5 mg/mL MTT was added to the wells and incubated at 37°C 
for 3 h. After the incubation period was completed, the medium 
with MTT was removed from each well, and 150 μL of DMSO 
was added to open the MTT crystal cells inside. The absorbance 
of the wells was measured at 570 nm with a microplate reader 
and again compared with the control group to calculate the per-
centage of cell viability [68].

2.3.4   |   MALDI TOF Mass Spectrometry

Aβ1–16 was used for Maldi-TOF MS measurements. The stock 
solutions prepared from Aβ1–16 and complexes correspond to a 
1.0:1.0 M ratio. Aβ1–16 stock solution was prepared by diluting 
with H2O in PBS buffer to a final concentration of 50 μM. Mass 
measurements were taken from the prepared samples during 
a 6-h incubation period. They were incubated at 37°C. Our 
sample was combined with HCCA matrix as 1:3 (2:6 μL), and 

measurements were taken with Maldi-TOF/MS Bruker Daltonik 
Autoflex III spectrophotometer.

2.3.5   |   AFM Measurements

Interactions of complexes with Aβ (1–42) In AFM measurements; 
Aβ1–42 stock solution was diluted with PBS volume determined 
final concentrations (amyloid/complex at 1.0:1.0 and 1.0:0.5 M 
ratio), and the complexes were diluted with H2O to reach the 
desired concentrations. For a 1.0:1.0 M ratio, 50 μM Aβ1–42 was 
prepared corresponding to 50 μM complex and incubated at 
37°C for 48 h. At the end of incubation, complex/amyloid sam-
ples were taken and spread on transparent coverslips and dried. 
Images of the dried samples were recorded with the BRUKER 
Dimension Edge with ScanAsyst device.

2.3.6   |   Thioflavin T Assay

Aβ (1–42) Aggregation Kit was purchased from AnaSpec. The 
concentrations were prepared according to the kit procedure. 
For this purpose, stock solutions of complexes and Aβ1–42 pre-
pared as specified in the biological measurements above were 
diluted with buffer containing 50 mM Tris/150 mM NaCl, 
20 mM HEPES/ 150 mM NaCl, 10 mM Phosphate/150 mM NaCl, 
and final concentrations 10 μM for Aβ1–42 and 10 μM for the 
complexes (corresponding to an interaction ratio of 1:1 and 0.5:1) 
were prepared. The final DMSO concentration does not exceed 
1%. ThT solution prepared with buffer was adjusted to the final 
concentration of 42.6 μM. It was determined by the literature 
data that an effective signal was obtained at this concentration 
[69]. Negative controls consisting of ThT and assay buffer and 
also consisting of ThT complexes (Ia, III, and IV) were run to 
ensure that complex does not alter ThT fluorescence. Samples 
were plated in a black 96-well plate. The plate was sealed with 
aluminum sheets to prevent samples from light and kept in 
the dark. Fluorescence was measured through the plate bot-
tom every 5 min for 165 min at excitation 440 nm and emission 
484 nm on a Thermo Fisher Scientific, Varioskan Flash micro-
plate reader. Samples were kept at 37°C under orbital agitation 
(550 rpm) in the plate reader between reads. Kinetic was plotted 
using GraphPad Prism.

2.4   |   Synthesis

2.4.1   |   Synthesis of Ligands

2.4.1.1   |   2-(4 -(Benzyloxy)-3-Methoxyphenyl)-1-Ph
enyl-1H-Benzimidazole (L I).  A solution of 4-benzy
loxy-3-methoxybenzaldehyde (0.132 g, 0.544 mmol) was 
prepared in 3-mL DMF medium. To this solution, 
N-phenyl-ortho-phenylenediamine (0.100 g, 0.544 mmol) solu-
tion in DMF (2 mL) medium was added dropwise. Na2S2O5 was 
used as the catalyst. It was stirred at reflux temperature for 24 h. 
At the end of the reaction, cold water was added to the medium. 
The precipitated cream colored solid was filtered using a par-
ticle funnel. The solid part was crystallized with DCM/diethyl 
ether, and the product was obtained. Yield: 75%, melting point: 
138°C–140°C. FT-IR (KBr disk, cm−1): ʋ Ar-H –C=N: 3423–2880. 
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1H-NMR (400 MHz, CDCl3) ppm: 7.81 (dt, 1H, J1 = 8.0 Hz, Ar-H), 
7.48–7.15 (m, 14H, Ar-H), 6.99 (dd, 1H, J1 = 8.4 Hz J2 = 2 Hz 
Ar-H), 6.72 (d,1H, J = 8.4 Hz, Ar-H), 5.07 (s, 2H, O-CH2), 3.64 (s, 
3H, O-CH3) 

13C-NMR (100 MHz, CDCl3) δ (ppm): 152.2, 149.2, 
149.1, 142.9, 137.3, 136.6, 129.9, 128.6, 128.5, 128.0, 127.6, 127.3, 
123.1, 122.9, 122.8, 122.4, 119.6, 113.1, 112.8, 110.3, 70.8, 55.6. 
Elemental analysis (%) = (C27H22N2O2) (406.48); calculated; C, 
79.78; H, 5.46; N, 6.89; found; C, 79.69; H, 5.37; N, 7.00.

2.4.1.2   |   (N1-(4-(Benzyloxy)-3-Methoxybenzylidene)-N2-
Phenylethane-1,2-Diamine) (L II).  Methanol (4 mL) 
solution of 4-Benzyloxy-3-Methoxybenzaldehyde (0.192 g, 
0.790 mmol) and methanol (2 mL) solution of N-phenylethylene-
diamine (0.0107 g, 0.790 mmol) were prepared separately. These 
solutions were mixed and strirred for 24 h. The product formed 
at the end of the reaction was dried under vacuum, and a light 
yellow oil product was obtained. Yield: 86.3% FT-IR (KBr disk, 
cm−1) ʋ C=N = 1642. 1H (400 MHz, DMSO-d6) δ (ppm): 8.22(s,1H, 
CH=N), 7.45–7.36(m, 6H, Ar-H), 7.20(d, 1H, J = 7.6 Hz, Ar-H), 
7.08–7.04(m, 3H, Ar-H), 6.61(d,2H, J = 8.8 Hz, Ar-H), 6.52(t, 1H, 
J = 7.4 Hz, Ar-H), 5.57(t, 1H, J = 5.8 Hz, N-H), 5.10(s, 2H, O-CH2), 
3.78 (s, 3H, O-CH3), 3.71 (t, 2H, J = 5.2 Hz, N-CH2). 3.33–3.28(m, 
2H, N-CH2).

13C NMR (100 MHz, DMSO-d6) δ (ppm): 161.8, 
150.6, 149.8, 149.3, 137.2, 130.0, 129.4, 128.9, 128.4, 128.3, 123.0, 
116.2, 113.2, 112. 7, 109.9, 70.4, 60.1, 55.8, 44.4. Elemental anal-
ysis (%) = (C23H24N2O2) (360.45); calculated; C, 76.64; H, 6.71; N, 
8.88; found; C, 76.23; H, 6.79; N, 8.94.

2.4.1.3   |   2-(3-Phenoxyphenyl)-1-Phenyl-1H-Benzimid
azole (L III).  The synthesis of this ligand was carried out 
according to the literature data, and the route given for the L1 
ligand was applied [57]. A solution of 3-phenoxybenzaldehyde 
(0.108 g, 0.542 mmol) was prepared in 2 mL DMF medium. 
N-phenyl-ortho-phenylenediamine (0.100 g, 0.542 mmol) solu-
tion in DMF (2 mL) medium was added dropwise, and Na2S2O5 
was added as a catalyst. It was stirred at reflux temperature 
for 6 h. At the end of the reaction, cold water was added to 
the medium. The precipitated cream colored solid was filtered 
using a particle funnel. The solid part was crystallized with 
DCM/diethyl ether, and the product was obtained. Yield: 60%, 
melting point: 141°C–142°C. FT-IR (KBr disk, cm−1): ʋ Ar-H –
C=N: 3398–2915. 1H-NMR (400 MHz, CDCl3) δ ppm:7.87(dt, 
1H, J1 = 8.4 Hz, J2 = 0.8 Hz, Ar-H), 7.49–7.00(m,15H, Ar-H), 
6.86(d,2H, J = 7.6 Hz, Ar-H) 13C -NMR (100 MHz, CDCl3) δ 
(ppm): 157.2, 156.5, 151.8, 142.9, 137.2, 136.8, 131.6, 129.9, 129.8, 
128.6, 127.3, 124.3, 123.5, 123.1, 119.9, 119.3, 119.1, 11 0.5. Ele-
mental analysis (%) = (C25H18N2O) (362.42); C, 82.85; H, 5.01; N, 
7.73; found; C, 82.05; H, 5.09; N, 7.80.

2 . 4 . 1 . 4       |      ( N 1- (4 - ( B en z y lox y)b en z y l idene) - N 2 -
Phenylethane-1,2-Diamine) (LIV).  The synthesis 
of this ligand was carried out according to the literature 
data, and the route given for the L1 ligand was applied [58]. 
4--benzyloxybenzaldehyde (0.167 mg, 0.790 mmol) solution 
was prepared in methanol (3 mL) medium. Then, N-phenyl-
ethylenediamine (0.107 g, 0.790 mmol) solution in 2 mL metha-
nol was added slowly and stirred at room conditions for 24 h. 
A precipitate formed in the reaction after 24 h. The precipi-
tated material was separated by filtration. The crude sample 
was purified by crystallization with dichloromethane/diethyl 
ether and dried under vacuum. Yield: 87.5%, FT-IR (KBr disk, 

cm−1) ʋ C=N = 1642. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 
8.25(s,1H, CH=N), 7.69(d, 2H, J = 8.4 Hz, Ar-H), 7.46(d, 2H, 
J = 7.2 Hz, Ar-H), 7.39(t, 2H, J = 7.4 Hz, Ar-H), 7.09–7.05 (m, 
4H, Ar-H), 6.62(d,2H, J = 8.0 Hz, Ar-H), 6.53(t, 1H, J = 7.2 Hz, 
Ar-H), 5.57(t, 1H, J = 6.0 Hz, N-H), 5.15(s, 2H, O-CH2), 3.71 (t, 
2H, J = 6.2 Hz, N-CH2), 3.32–3.28(m, 2H, N-CH2). 

13C NMR 
(100 MHz, DMSO-d6) δ (ppm): 161.5, 160.7, 149.2, 137.2, 129.9, 
129.6, 129.3, 128.9, 128.4, 128.2, 116.1, 115.3, 112.6, 69.8, 60.0, 
44.3. Elemental analysis (%) = (C22H22N2O) (330.42); calculated; 
C, 79.97; H, 6.71; N, 8.48; found; C, 79.69; H, 6.57; N, 8.23.

2.4.2   |   Synthesis of Complexes

2.4.2.1   |   Synthesis of [PtCI2(DMSO)(LI)], (Ia).  In com-
plex synthesis, L I (0.0289 g, 0.0710 mmol) was dissolved in 
3 mL of chloroform medium. Then, Pt (DMSO)2Cl2 (0.0300 g, 
0.0710 mmol) was prepared as suspended in 3 mL of chloroform 
medium in a test tube and added dropwise onto LI. Then the mix-
ture was stirred at room conditions for 2 h. The solvent was evap-
orated in vacuo. The solid fraction was washed with diethylether 
and dried in vacuo. The trans structure product was obtained. 
Yield: 47%. Melting Point: 241°C–265°C decomposition. FT-IR 
(CsI disk, cm−1): ʋ Ar-H –C=N: 3423–2880, ʋ S-O = 1122, ʋ 
Pt-Cl = 325.74. 1H-NMR (400 MHz, CDCl3) δ (ppm): 8.40(d, 1H, 
J = 8.4 Hz, Ar-H), 7.73(s,1H, Ar-H), 7.51–7.23(m,14H, Ar-H), 6.86 
(d,1H, J = 8.4 Hz, Ar-H), 5.15 (s,2H, O-CH2), 3.84 (s,3H, O-CH3) 
3.40 (s,6H, O-S- (CH3)2), 

13C-NMR (100 MHz, CDCl3) δ (ppm): 
150.2, 149.1, 139.2, 136.3135.1, 130.0,129.4, 128.6, 128.1, 127.5, 
127.3125.1, 124.8, 124.2, 11 9.1, 114.6, 112.6, 111.1, 70.8, 56.2, 
43.7. Elemental analysis (%) = (C29H28Cl2N2O3PtS) (750.59); cal-
culated C, 46.40; H, 3.76; N, 3.73, found; C, 46.45; H, 3.72; N, 
3,76.

2.4.2.2   |   Synthesis of [PtCI2(DMSO)(LI)], (Ib).  In com-
plex synthesis, Complex Ia was refluxed in CH3CN medium 
for 4 days. The small amount of solid formed was separated. The 
filtrate was evaporated in vacuo. The solid formed was washed 
with diethylether and dried in vacuum. Cream colored product 
was obtained. Yield: 40% Melting Point: 174°C–196°C decom-
position. FT-IR (CsI disk, cm−1): ʋ Ar-H –C=N = 3423–2880, 
ʋ S-O = 1122, ʋ Pt-Cl = 325.51. 1H-NMR (400 MHz, CDCl3) δ 
(ppm): 8.38(d, 1H, J = 8.4 Hz, Ar-H), 7.97(s,1H, Ar-H), 7.50–
7.21(m,14H, Ar -H), 6.88 (d, 1H, J = 8.4 Hz, Ar-H), 5.26 (s, 2H, 
O-CH2), 3.92 (s, 3H, O-CH3), 3.29 (s, 3H, O-S- (CH3), 2.46(s,3H, 
O-S-(CH3), 

13C-NMR (100 MHz, CDCl3) δ (ppm): 149.9, 149.4, 
136.1, 135.0, 130.0, 129.5, 128.7, 128.2, 127.3, 125.4125.1, 124.1, 
119.1, 119.0, 115.4, 112.9111.2, 70.6, 56.7, 44.3, 43.7,29.7. Elemen-
tal analysis (%) = (C29H28Cl2N2O3PtS) (750.60); calculated; C, 
46.40; H, 3.76; N, 3.73 found; C, 46.36; H, 3.80; N, 3,77.

2.4.2.3   |   Synthesis of [PtCI2(DMSO)(LII)], (II).  In com-
plex synthesis, L II (0.0494 g, 0.137 mmol) was dissolved in 3 mL 
of chloroform medium. Pt (DMSO)2Cl2 (0.0580 g, 0.137 mmol) was 
prepared as suspension in 4 mL of chloroform medium and added 
dropwise onto LII. The mixture was then refluxed for 72 h. At 
the end of the reaction, the solvent was concentrated in the vac-
uum line until 1 mL of solution volume remained and a light yel-
low solid was obtained by precipitation with 5 mL of diethylether. 
The product was filtered and dried under a vacuum. Yield: 65%, 
Melting Point: 115°C, FT-IR (CsI disk, cm−1) ʋ C=N = 1598 ʋ 
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Pt-Cl = 321. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 9.15 (s,1H, 
CH=N), 7.67–7.18(m, 13H, Ar-H), 5.19(s, 2H, -CH2), 4.14 (bs, 1H, 
N-CH2),3.95–3.83(m, 1H, N-CH2), 3.82 (s, 3H, O-CH3), 3.04(bs, 
1H, N-CH2),2.75(bs, 1H, N-CH2).

13C NMR (100 MHz, DMSO-d6) 
(ppm): 171.3, 152.5, 148.9, 148.3, 137.7, 129.8, 129.5, 129.0, 128.5, 
127.3, 124.1, 116.9, 113.2, 112.8, 112.5, 70.4, 60.5, 56.1, 46.1. Ele-
mental analysis (%): calculated (C23H24Cl2N2O2Pt) (626.44) C, 
44.10; H, 3.87; N, 4.47; found, C, 43.56; H, 4.52, N, 4.01.

2.4.2.4   |   Synthesis of [PtCI2(DMSO) (L III)], (III).  This 
complex synthesis was carried out according to literature data [57]. 
In complex synthesis, L III ligand (0.0300 g, 0.0828 mmol) was 
dissolved in 3 mL of chloroform medium. Then, Pt (DMSO)2Cl2 
(0.0349 g, 0.0828 mmol) suspension prepared in 3 mL of chloro-
form medium in a test tube was added dropwise onto L III. Then 
the mixture was stirred at room conditions for 4 days. At the end 
of the reaction, the solvent was dried under vacuum. The resulting 
solid part was first washed with acetone. The insoluble fraction 
was separated. The solvent was evaporated in vacuo and washed 
with diethylether. Yield: 72% Melting Point: 232°C. FT-IR (CsI disk, 
cm−1): ʋ Ar-H- (–C=N): 3398–2915, ʋ S-O = 1121, ʋ Pt-Cl = 319.13. 
1H-NMR (400 MHz, CDCl3) δ (ppm): 8.41(d, 1H, J = 8.4 Hz, Ar-H), 
8.03(d, 1H, J = 7.6 Hz, Ar-H), 7.56–7.45 (m, 5H, Ar-H), 7.37(t,2H, 
J = 7.8 Hz, Ar-H), 7.31–7.20(m, 7H, Ar-H), 7.11(t, 1H, J = 6.8 Hz, 
Ar -H), 6.83(d, 2H, J = 8.8 Hz, Ar-H), 13C-NMR (100 MHz, CDCl3) δ 
(ppm): 157.0, 155.7151.6, 139.5, 134.5, 130.2130.1130.0, 129.5129.0, 
127.2, 126.3, 125.6, 125.1, 124.0, 121.5, 120.7, 119.4, 119.0, 111.3, 
77.0, 76.6, 44.6, 43.8. Elemental analysis (%) = (C27H24Cl2N2O2PtS) 
(706.53); calculated; C, 45.90; H, 3.42; N, 3.96, found; C, 45.73; H, 
3.48; N, 4.02.

2.4.2.5   |   Synthesis of [PtCI2(DMSO)(LIV)] (Complex 
IV).  This complex synthesis was carried out according to liter-
ature data [58]. In complex synthesis, L IV (0.0453 g, 0.137 mmol) 
was dissolved in 2 mL of chloroform medium. Pt (DMSO)2Cl2 
(0.0580 g, 0.137 mmol) was prepared as suspension in 3 mL of chlo-
roform medium and added dropwise onto LIV. The mixture was 
then refluxed for 72 h. At the end of the reaction, the reaction mix-
ture was concentrated in a vacuum line until 1 mL of solution vol-
ume remained and was precipitated with 5 mL of diethylether to 
obtain a light yellow solid. The product was filtered and dried under 
a vacuum. Yield: 61%, Melting Point: 197°C decomposition, FT-IR 
(CsI disk, cm−1) ʋ C=N = 1599, ʋ Pt-Cl = 328, 1H NMR (400 MHz, 
DMSO-d6) δ (ppm): 9.14 (s,1H, CH=N), 7.79–7.15(m, 13H, Ar-H), 
5.51(d, 1H, -NH), 5.20 (s, 2H, -CH2), 4.09 (bs, 1H, N-CH2), 3.92(bs, 
1H, N-CH2), 3.03 (bs, 1H, N-CH2), 2.77(bs, 1H, N -CH2). 

13C NMR 
(100 MHz, DMSO-d6) δ (ppm): 165.8, 161.5, 146.5, 133.1, 129.4, 
129.0, 128.3, 124.5, 124.3, 124.0, 115.8, 115.3, 112.5, 70.0, 61.08, 
60.1, 46.0. Elemental analysis (%): calculated (C22H22Cl2N2OPt) 
(596.41) C, 44.30; H, 3.72; N, 4.70; found, C, 43.81; H, 4.18, N, 4.28.

3   |   Results and Discussion

3.1   |   Synthesis and Spectroscopic Studies

The ligand and the synthesized complexes in the study are 
shown in Scheme 1.

The synthesized ligands and complexes are shown in Scheme 1. 
In this study, the first step was to synthesize the ligands LI and 

LII, which are benzimidazole and schiff bases consisting of the 
same aldehyde and two different amines. The other 2 ligands 
(LIII and LIV) were synthesized analogously to these. The alde-
hydes and amines used have aromatic groups, and it was thought 
that their passage through the SH-SY5Ycell membrane would be 
facilitated [70]. The FT-IR, 1H NMR, and 13C NMR spectra of the 
synthesized ligands L I and L II are provided in the supporting 
information (S1–S6). Additionally, the spectra of the L III and L 
IV, which were previously reported, have also been included in 
the supporting information (S7, S8, S9 and S10, S11, S12). The 
1H NMR spectra for the ligands (Ligand I, Ligand III) were re-
corded in CDCl3, while those for L II and L IV were obtained in 
DMSO-d6. The FT-IR spectra were recorded using KBr pellets.

In the FT-IR spectrum of the L I, bands corresponding to Ar-H 
stretching vibrations are observed above 3000 cm−1, while 
aliphatic C-H stretching vibration bands are found below 
3000 cm−1. In the 1H-NMR spectrum, peaks corresponding to 
Ar-H are seen in the range of 6.73–7.81 ppm. A peak related to the 
O-CH3 group is observed at 3.64 ppm. The protons of the O-CH2 
group attached to the C2 carbon appear as a singlet at 5.07 ppm. 
The 13C-NMR spectrum also supports the structure. Elemental 
analysis data are consistent with the proposed structure.

The vibration mode related to the imine group for ligand II was ob-
served at 1642 cm−1 in the FT-IR spectrum. Again, it was observed 
that the –CO group vibration related to the aldehyde disappeared 
for ligand II. In the 1H-NMR spectrum of LII, the peak related to 
the H of the imine group was observed as a singet at 8.22 pm, and 
in the 13C-NMR spectrum of ligand II, the imine C was observed at 
161.8 ppm. The peak for the –OCH3 group in Ligand II is located at 
3.78 ppm. The 1H-NMR, 13C-NMR, and FT-IR values obtained for 
Ligand II also support the proposed structure.

Since there are only aromatic groups in the Ligand III, the ex-
planation given for ligand I in the FT-IR spectrum is valid, 
and ring skeleton vibrations are seen in the 700–800 cm−1 
region. In the 1H-NMR spectrum, peaks belonging to hydro-
gens attached to the aromatic ring are seen in the range of 
6.86–7.87 ppm. Again, in the 13C-NMR spectrum, there are 

SCHEME 1    |    Synthesis of ligand and complexes.
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peak groups related to carbon atoms that are compatible with 
the structure.

In 1H-NMR for L IV, the hydrogen bonded to the imine carbon is 
seen as a singlet at 8.25 ppm. In the FT-IR spectrum, the vibra-
tion mode related to the imine group was observed at 1644 cm−1, 
while the vibration related to the –CO group of the aldehyde was 
found to have disappeared [71]. Spectrum evaluation supports 
the formation of the expected structure for this ligand.

Complex Ia is a trans structure complex obtained by the reaction 
of L I with Pt (DMSO)2Cl2 in chloroform medium, while the geo-
metric isomer cis structure complex Ib was obtained by heating 
this complex in CH3CN medium. The FT-IR, 1H-NMR, and 13C-
NMR spectra of the complexes Ia and Ib (S13, S14, S15 and S16, 
S17, S18) are given in the supporting information, respectively.

The structure determination studies of the product obtained as 
a result of the synthesis between the ligand I and the starting 
complex Pt (DMSO)2Cl2 in chloroform medium and at room 
conditions showed that the starting Pt complex, which was ini-
tially cis structured, transformed into trans (Ia) structure in the 
interaction with the Ligand I. Moreover, the same experiment 
was performed using an ice bath and produced similar results. 
Again, when the reaction was repeated in chloroform medium 
with heating (approximately 50°C), a mixture of cis and trans-
structured products was obtained. In the 1H-NMR spectrum of 
the complex Ia, it was observed that all peaks shifted to the weak 
field compared to the free ligand. The hydrogen atoms at the 
peak of the dmso group bound to Pt (II) are located at 2.46 and 
3.29 ppm, with 3 protons each. This supports the transformation 
of the structure to the trans state. In fact, the distinctive peak 
group in the FTIR spectrum of complex Ia is the Pt-CI stretch-
ing vibrations, and these vibrations, which are not present in the 
free ligand, were observed as a single peak at 325.7 cm−1 in the 
spectrum of complex Ia. Elemental analysis data also showed 
that the ligand I is monodentately bound to Pt.

In order to investigate the change in structure, some experi-
ments were carried out on the trans-structured complex Ia, and 
as a result, the cis structured product (Ib) could be obtained by 
refluxing this complex in acetonitrile for 3 days. Although there 
was no significant change in the 1H-NMR spectrum of this prod-
uct compared to the trans structure in terms of aromatic hydro-
gens, especially the hydrogens of the DMSO group bound to Pt 
were observed as a singlet with a total of 6 protons at 3.40 ppm. 
On the other hand, in the FT-IR spectrum of the complex Ib, 
the Pt-CI peaks are observed with a shoulder at 325.6 cm−1 as 
expected from the cis structure [67]. The singlet peak belonging 
to O-CH2 at 5.07 ppm in the ligand is again a singlet at 5.15 ppm 
in Complex Ib, but shifts to 5.26–5.15 ppm as a multiplet in 
Complex Ia. The 13C NMR spectra for both complexes are con-
sistent with the proposed structuresIn both complexes; benzim-
idazole ligands (I and III) are bonded to the Pt atom via free 
electron pairs on the N atoms in position 3 [72]. It is expected 
that ligands with monodentate behavior will bind with the metal 
atom via the 3rd nitrogen of the benzimidazole ring [73]. During 
the examination of 1H-NMR spectra, the presence and locations 
of signals belonging to the Ar-H group were emphasized to de-
termine that the platinum atom was bound via the 3rd position 
of the benzimidazole ring. Indeed, the aromatic hydrogen of the 

benzimidazole group appears in the weakest region of the 1H-
NMR spectrum and has the largest shift value [74].

The PtCl2(DMSO) (L III) complex was formed by the reaction of 
[PtCl2(DMSO)2] with L III in chloroform at a 1:1 M ratio and was 
isolated as a stable solid in air. The FT-IR spectrum of complex 
III (S19) was recorded using a CsI pellet. The Pt-Cl stretching 
vibrations appear to shift to lower wavenumbers compared to 
the initial complex. The S–O stretching vibration of the DMSO 
group, bonded via sulfur, is observed at 1121 cm−1 [60]. In the 
1H-NMR spectrum of complex III (S20), aromatic Ar-H protons 
were observed in the range of 6.80–7.87 ppm. Furthermore, the 
13C-NMR spectrum (S21) showed multiple peaks corresponding 
to different carbon atoms within the structure. Notably, the sig-
nals for carbons in the DMSO group appeared in the range of 
44.6–43.8 ppm. The results of elemental analysis are consistent 
with theoretical values. A single-crystal study of complex III 
was also performed. Crystal data are provided in Table 1, and 
bond lengths and bond angles are summarized in Table 2.

Complex III is a pale yellow single crystal (Table 1). Pt-N, Pt-Cl, 
and C-N bond lengths (Table 2) can be compared with literature 
values [75]. When looked at in terms of bond angles, it can be 
seen that the geometry around Pt is very close to the ideal square 
plane. The DMSO ligand is bound at the S terminus. Cl atoms 
are in cis position with each other. DMSO and the LIII ligand 
appear to have almost the same trans effecting potency. Because 
Pt–Cl bonds are approximately the same length. The single crys-
tal X-ray image of complex III is given in Figure 1.

Complexes II and IV were synthesized as a result of the re-
action of ligand II and IV with the starting complex [Pt 
(DMSO)2Cl2]. In the FT-IR spectrum of the complex II (S22), it 
is seen that the imine peak is shifted compared to the free li-
gand by ʋ C=N = 1598 cm−1. While the Pt-Cl stretching vibra-
tions are seen as double shoulders at 335–320 cm−1 in the [Pt 
(DMSO)2Cl2] complex, the Pt-Cl stretching vibrations are seen 
as only containing a single shoulder at 321 cm−1 for complex 
II [67]. Consistent with this, the imine peak in the 1H-NMR 
spectrum of the complexII (S23) is shifted from 8.22 ppm to 
the weaker field of 9.15 ppm, indicating a binding from the 
imine end. The values of the imine carbon in the 13C-NMR 
spectrum (S24), 161.8 for ligand II and 171.3 in complex II, 
support the bonding from the imine. A shift was observed 
in the CH2 protons in the ethylene group to which the N-
phenylamino group is attached, compared to the free ligand, 
and the peaks of the protons in the -CH2 group also came by 

TABLE 2    |    Bond lengths and bond angles of complex III.

Bond lengths (Å) Bond angles (°)

N1-C7 1.330 (8) C7-N1-Pt1 125.2 (4)

N1-C7 1.359 (8) N1-Pt1-Cl1 89.48 (16)

Pt1-Cl1 2.303 (2) Cl1-Pt1-Cl2 90.77 (9)

Pt1-Cl2 2.294 (2) N1-Pt1-S1 88.97 (16)

Pt1-N1 2.019 (5) S1-Pt1-Cl1 178.11 (8)

Pt1-S1 2.194 (2) N1-Pt1-Cl2 179.06 (15)
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separating one by one. This also shows that there is a bonding 
from the amino nitrogen. The evaluation also supports that 
the structure is chelate-bound. The elemental analysis results 
also support the proposed structure.

The FT-IR spectrum of complex IV (S25) was compared with 
that of the ligand (S10). This comparison revealed changes in the 
ʋ (C=N) modes due to complexation. While the cis-Pt-Cl peaks 
of the starting complex [PtCI2(DMSO)2] show a clear distinction, 
they appear as a peak with a shoulder in the FT-IR spectrum 
of the Pt-L complex. However, a review of the literature indi-
cates that this distinction is not always fully observed in some 
cis-structured complexes [66]. The 1H and 13C NMR spectra of 
Complex IV (S26 and S27) show shifts when compared to those 
of the free ligand (S11 and S12). The signal of the -CH2 group 
bound to oxygen in the ligand shifts from 5.15 to 5.20 ppm upon 
complexation. The proton signal of the -CH2 group bound to 
nitrogen, observed as a singlet at 3.71 ppm in the free ligand, 
appears as two separate singlets at 3.92 and 4.09 ppm after com-
plexation. Notably, the characteristic imine proton (N=CH) and 
imine carbon (N=CH) signals shift to higher ppm values upon 
complexation, confirming that the complex is imine-bound 
[76–78]. The peaks corresponding to the protons of the -CH2 
group in the ligand spectrum also show separation. A similar 
shift in the -CH2 proton signals is observed in the complex spec-
trum relative to the free ligand. The elemental analysis results 

for both the ligand and the complex align with the proposed 
structure.

3.1.1   |   Cytotoxicity

The cytotoxicity of complexes Ia, Ib, II, III and IV on the SH-
SY5Y cell line was examined for 72 h (Figure  2). Since there 
was no significant difference in the cytotoxicity values between 
48 and 72 h due to studies indicating that the HFIP used in the 
preparation of amyloid cannot be completely removed during 
the process and negatively affects the interactions in the first 
24 h [79], 72 h was chosen, and cytotoxicity studies were carried 
out during this period. The initial concentration was determined 
as 10 μM [51]. The range of 0.1 to 100 μM was chosen for con-
centrations. IC50 (μM) values were found to be 8.6, 2.56, 18.02, 
3.73, and 19.22 μM, respectively (Table 3). This value is 18.6 μM 
for Cis-Pt. [ 75]

As can be seen from this graph (Figure 2), complexes 1b and 
III show very low cell viability, especially at 10 μM, which is 
the working concentration of amyloid [51]. Complexes Ib and 
III have very low IC50 values (2.56 and 3.73 μM, respectively). 
These values are well below the working concentration of 
10 μM. This shows that the interaction of complexes Ib and 
III with amyloid on SH-SY5Y cells cannot be tested. On the 
other hand, complexes II and IV show high cell viability at 
this concentration.

Cytotoxic activities of benzimidazole-metal complexes are 
known [80]. As a matter of fact, they showed a similar effect 
on SH-SY5Y cells. There are studies in the literature [81–83] 
that show the relationship between the biological activities of 
complexes and their ligands and structural properties. In our 
study, benzimidazole-platinum complexes showed higher cy-
toxicity on SH-SY5Y cells than Schiffbaze-platinum complexes. 
In particular, it has been observed that the cis-structured Ib 

FIGURE 1    |    X-ray diffraction analysis data of complex III.

FIGURE 2    |    Effects of Ia, Ib, II, III, and IV complexes on progression in SH-SY5Y cell line.

TABLE 3    |    IC50 (μM) values of compounds Ia, Ib, II, III, and IV.

IC50 (μM) values of compounds Ia, Ib, II, III, and IV

Ia Ib II III IV Cis-Pt

8.6 2.56 18.02 3.73 19.22 18.6
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complex is much more toxic than its cis-trans-structured an-
alog, the Ia complex. This reflects the effect of geometric iso-
mer differentiation on cytotoxicity. Literature information 
also supports this conclusion [80]. It is known that especially 
Cl–Pt–Cl bond angles can also have an effect on cytotoxicity. 
In the trans-structured Ia complex, this angle is larger than 
in the cis-structured Ib complex, and it can be said that larger 
angles cause a decrease in cytotoxicity. On the other hand, the 
higher toxicity of benzimidazole-platinum complexes compared 
to Schiffbaz-platinum complexes may be related to the DMSO 
group in benzimidazole complexes and its interaction with cel-
lular components.

Figure 3 shows the interaction of complexes 1a, II, and IV with 
SH-SY5Y cells along with amyloid. Aβ1–42 was solely added to 
the medium as a control. After 72 h, 10 μM Aβ1–42 possessed ap-
proximately 65% cell viability, which is consistent with literature 
data  [84]. The final amyloid concentration was 10 μM, and the 
complex concentrations were calculated according to their ratios. 
The values chosen for the complex/amyloid ratio are 1:1 and 1:0.5. 
Because in many studies, this ratio has been measured as 2:1 or 1:1 
[53, 54]. Essentially, since the complexes are expected to interact 
with the histidine ends of the amyloid, an interaction ratio of 1:1 is 
the most probable interaction. Any ratio smaller than this ratio is 
important as it shows the activity of the complex or low concentra-
tions of the complexes on amyloid aggregation. Interaction with 
amyloid with these complexes was performed with the complex/
amyloid ratio both 0.5:1 and 1:1. The Ia complex has 45% cell via-
bility at 10 μM concentration and was used in interaction studies 
with amyloid with a complex/amyloid ratio of 0.5:1.

In measurements of 1:1 and 0.5:1 complex/amyloid ratio, both 
complexes II and IV increased cell viability. The cell viabilities 
found when the molar ratio was 1:1 for both complexes were 
higher than those found when the ratio was 0.5:1 (Figure  3). 
For complex Ia, the complex/amyloid molar ratio was studied as 
0.5:1. Complex Ia at a 0.5:1 M ratio achieves the cell viability that 
complex IV at a 1:1 M ratio can provide. This ratio indicates a very 
low value for benzimidazole complexes [51]. In all evaluations, 
it is understood that the effect of benzimidazole-platinum com-
plexes on cells is greater than Schiff base-platinum complexes, 
but their cytotoxic activities are more than Schiffbase-platin 
complexes (II and IV). Therefore, the use of benzimidazole-
platinum complexes in interactions with amyloid must not ex-
ceed a certain rate. So, for complex Ia, it could only be used in 

interactions with amyloid with a molar ratio of 0.5:1. The molar 
ratios in this study are consistent with the values found for Schiff 
base-platinum complexes with different structures in previous 
studies conducted by our group [53–56, 85, 86].

3.1.2   |   Thioflavine-T Aggregation İnhibition Studies

ThT, an extrinsic fluorescent dye, is able to bind to amyloid 
aggregates; upon binding, its fluorescence intensity increases. 
When fresh Aβ (1–42) alone was incubated at 37°C, ThT fluores-
cence showed a sigmoidal shape as a function of the incubation 
time (Figure 4).

From these graphs, it is seen that the interaction of complexes 
II and IV with amyloid is more as the complex/amyloid molar 

FIGURE 3    |    Cell viability after the interaction between complexes with Aβ1–42. All data represent the mean ± SEM obtained from four indepen-
dent experiments. p < 0.05.

FIGURE 4    |    (a) Fluorometric determination of the ability of com-
plexes Ia, II, and IV to inhibit aggregation of the Aβ1–42. (b) Area under 
the curve area.
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ratio increases. However, both complexes have the similar inter-
action with amyloid at a mole ratio of 1:1. In terms of mole ratios, 
the interactions of this ratio are more than 0.5:1. Unlike cellular 
data, the interaction of complex Ia with amyloid is closer to the 
interactions of complexes II and IV at a ratio of 0.5:1. Calculation 
of the area under the fluorescence curve shows that for the Ia 
complex, it interacts with amyloid at 40%, complex II 49% and 
22% at molar ratios of 1:1 and 0.5:1, respectively. The same cal-
culation for the IV complex shows that the interaction with 
amyloid is 52% and 30% at both molar ratios, respectively. The 
complex that interacts best at a molar ratio of 0.5:1 is complex Ia. 
The obtained values are comparable with the results reported 
for Schiff base- Pt complexes [56, 85, 86].

Kinetic data obtained from fluorescence measurements are 
available in the Supporting Information (S28).

The effects of Pt complexes numbered Ia, II, and IV on Aβ1–42 
aggregation were investigated at different stoichiometric ra-
tios (1:0.5 and 1:1). The aggregation kinetics were evaluated 
using ThT fluorescence measurements, and the obtained ki-
netic data were fitted to the Boltzmann sigmoidal model using 
the Nonlinear Curve Fitting (NLFit) method in OriginPro 
software.

As a result of these analyses, the initial and maximum fluores-
cence intensities (A₁ and A₂), the time point at which the aggre-
gation process begins to accelerate (x₀, lag time), the slope value 
indicating the aggregation rate (dx), and the R2 coefficient of 
determination, which shows the model's fit to the experimental 
data, were calculated. The R2 values obtained from the modeling 

were found to be above 0.95 in all cases, demonstrating that the 
model provides a high degree of fit to the experimental data.

At a 1:0.5 ratio, complex-Ia exhibited an aggregation acceler-
ation point at x₀ = 75.64 min, with an R2 value of 0.95285. The 
aggregation rate parameter was found to be dx = 28.25 ± 6.37, 
indicating the rate at which the aggregation process progresses.

In studies conducted with complex-II, the aggregation accelera-
tion point was determined as x₀ = 36.28 min at a 1:0.5 ratio, with 
an R2 value of 0.99928. When the 1:1 ratio interaction was ap-
plied, the aggregation process started later (x₀ = 85.88 min), and 
the model's fit to the data was found to be R2 = 0.99031.

For complex-IV, the aggregation acceleration point was de-
termined as x₀ = 61.07 min at a 1:0.5 ratio, with an R2 value 
of 0.95951. Under the 1:1 ratio, aggregation started earlier 
(x₀ = 58.65 min), but the model's fit to the experimental data re-
mained highly accurate (R2 = 0.99855).

3.1.3   |   AFM Analysis

THT measurement results are supported by AFM measure-
ments (Figure 5). In these measurements, the complex/amyloid 
molar ratio is 1:1, and amyloid aggregates (especially oligomers) 
are observed to decrease in all three complexes (Ia, II, and IV). 
The morphology of the aggregates was greatly changed as a re-
sult of the interaction with the complexes. AFM imaging results 
visualized that these complexes effectively reduced the forma-
tion of Aβ1–42 aggregates [87].

FIGURE 5    |    AFM images. (a) Aβ1–42 aggregates. (b) Ia + Aβ1–42. (c) II + Aβ1–42. (d)IV + Aβ1–42.
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FIGURE 6    |    MALDI TOF/MS spectrum of complex Ia + Aβ 1–16 interaction.

FIGURE 7    |    MALDI TOF/MS spectrum of complex IV + Aβ1–16 interaction.
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3.1.4   |   Maldi-TOF/MS Mass Spectrum of Interaction 
With Aβ1–16

However, a peak corresponding to a mass higher than the amy-
loid mass, indicating interaction with Aβ1–42, was not detected 
in the MALDI–TOF MS spectrum. Similar findings have been 
reported in the literature [76], and the situation was evaluated 
as if this expected peak remained in the matrix. The interac-
tions of the complexes with Aβ1–16, which has a smaller mass 
than Aβ1–42 and contains parts of Aβ1–42 expected to interact 
with metal complexes (histidine, tyrosine, etc.), were investi-
gated by MALDI–TOF MS spectrometry [18]. Again, for this 
purpose, Aβ1–16, which is a smaller structure but is an amyloid 
containing histidine and tyrosine groups as in Aβ1–42, can also 
be used [21]. On the other hand, these complexes can also in-
hibit aggregation by breaking down amyloid. Both cases can be 
evaluated from MS spectra. As a matter of fact, MALDI Tof/MS 
spectra of the complexes in our study were taken with Aβ1–16. 
In the incubation examination of the interaction of complexes 
Ia (0.5:1 M ratio), II (1:1 M ratio), and IV (1:1 M ratio) with 
Aβ1–16 using MALDI TOF spectrometry, amyloid and com-
plexes were tried to interact for 6 h of incubation. The MALDI/
TOF MS spectra illustrating the interactions of Complexes Ia 
and IV with Aβ1–16 are shown in Figures 6 and 7, while that of 
Complex II is available in the Supporting Information  (S29). 
It has been stated in the articles that the amyloid binding re-
gions of the complexes may be regions such as histidine and 
(His6,13,14) and tyrosine (tyr-10) [18, 21]. When the spectra of 
complexes, Ia, II, IV, are evaluated, it can be understood that 
the first of these interactions is encountered. The m/z values 
of the three complexes synthesized in this study, indicating 
Aβ1–16 + complex interactions, are 2185.55 (Aβ1–16 + Pt + Cl), 
respectively; 2153 (Aβ1–16 + Pt); 2151 (Aβ1–16 + Pt). In addition, 
the presence of the peak at m/z ratio 2224 in complex IV indi-
cates the Aβ1–16 + Pt + 2Cl interaction (Figure 7). These spectra 
show that the complexes bind to the histidine groups of the 
amyloid by dissociating the Cl- groups. Such interactions are 
frequently encountered in the literature [18, 56].

4   |   Conclusion

This study reveals the synthesis and comprehensive character-
ization of novel Pt (II) complexes containing Schiff base and 
benzimidazole ligands, highlighting the therapeutic potential of 
these complexes in combating AD. In particular, complexes Ia, 
II, and IV exhibited the ability to potently inhibit amyloid beta 
(Aβ1–42) aggregation, a critical pathological feature of AD.

Only benzimidazole-Pt complexes act more toxic towards SH-
SY5Y cells than Schiff base-Pt complexes. This shows that the 
complexes should be used at lower concentrations. As a matter 
of fact, the cytotoxicity study for complex Ia was conducted only 
with a complex/amyloid molar ratio of 0.5:1. Additionally, cyto-
toxicity evaluations on SH-SY5Y neuronal cells reveal that Schiff 
base–Pt complexes (II and IV) in particular have a low-toxicity 
profile and that these complexes stand out as strong candidates 
in ND research. It is shown that benzimidazole complexes have 
the same activity at lower molar ratios than Schiff base com-
plexes. Complex Ia at a 0.5:1 M ratio achieves the cell viability 
that complex IV at a 1:1 M ratio can provide.

Findings supported by advanced techniques such as Thioflavin 
T fluorescence analysis, AFM imaging, and MALDI-TOF mass 
spectrometry show that the highest inhibition is achieved at a 
1:1 complex-amyloid molar ratio for schiff base complexes. AFM 
imaging results visualized that these complexes effectively re-
duced the formation of Aβ1–42 aggregates.

The structural flexibility of the Pt (II) complexes synthesized in 
the study and their interaction mechanisms with amyloid pep-
tides provide important information for innovative treatment 
approaches based on the metal ion hypothesis in AD. However, 
more comprehensive in vivo studies are required to fully under-
stand the clinical potential of these complexes.

In conclusion, it has been revealed that the Pt (II) complexes 
synthesized in this study have the potential to reduce amyloid 
beta toxicity associated with AD and can be evaluated in fu-
ture studies on the treatment of NDs. These findings provide an 
important basis that will shed light on the development of new 
therapeutic strategies for the treatment of ad.
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